Rat dermal fibroblasts were dispersed initially in the outer shell of a fibrin gel sphere, while the inner core either was devoid of cells or contained peritoneal exudate cells (primarily macrophages), thereby mimicking the inflammatory phase of wound healing. The fibroblasts compacted floating fibrin microspheres over time. In the absence of macrophages, the initial distribution of fibroblasts (only in the shell) induced circumferential alignment of fibrin fibrils via compaction of the shell relative to the core. The aligned fibrils created a contact guidance field, which was manifested by strong circumferential alignment of the fibroblasts. However, in the presence of macrophages, the fibroblasts exhibited more radial alignment despite the simultaneous contact guidance field in the circumferential direction associated with compaction. This was attributed to a chemotactic gradient emanating from the core due to a putative factor(s) released by the macrophages. The presence of a radial chemotactic stimulus was supported by the finding of even greater radial alignment when fibrin microspheres were embedded in an agarose-fibrin gel that abolished compaction and consequently the contact guidance field. Our assay permits the simulation of tissue morphogenetic processes that involve cell guidance phenomena and tractional restructuring of the extracellular matrix. © 2002 Elsevier Science (USA)
INTRODUCTION
A number of important biological phenomena involve the interplay between cellular traction and directed migration. Chief among them are mesenchymal morphogenetic processes such as tumor stroma formation [1] , embryogenesis [2] , teratoma formation [3] , and wound contraction [4] in which directed migration both affects and is affected by tractional restructuring of the extracellular matrix (ECM) through a complex feedback mechanism [5] . Cell migration may be directed by spatial gradients of soluble factors (i.e., chemotaxis) and/or fibril alignment within the ECM (i.e., contact guidance). The resulting inhomogeneous distribution of cells gives rise to inhomogeneous deformation of the ECM that may generate or reinforce contact guidance fields [6] . This affects the subsequent ECM restructuring, which ultimately determines the form and structure of the tissue.
The complexity of these biochemical and biomechanical phenomena motivates in vitro assays that allow the interplay to be quantitatively manipulated and characterized. Several assays have been employed to study fibroblast chemotaxis [7, 8] or contact guidance [9 -11] , but they typically involve 2-D substrata of minimal biological relevance. In contrast, the fibroblast-populated collagen lattice (FPCL) assay proposed by Bell et al. [12] and its variants have, through the use of a 3-D biologically relevant substratum, revealed extensive information about tissue contraction and remodeling but not the roles of contact guidance and chemotaxis in tissue formation (e.g., [13] [14] [15] [16] ). Herein we present a new assay that allows for the study of simultaneous contact guidance and chemotaxis in an environment undergoing tissue contraction and restructuring. Our chosen area of inquiry is wound healing, but the assay could be applied to study a variety of mesenchymal morphogenetic processes.
We have previously developed a spherical analog of the FPCL that we refer to as the fibroblast-populated microsphere (FPM) 3 [17] . The spherical geometry is preferred because it facilitates modeling with our biphasic theory for cell-matrix mechanical interactions that allows us to estimate the traction exerted by the fibroblasts from FPM compaction [18] . Here we introduce a variant of the FPM which we shall designate the fibroblast-populated concentric microsphere (FPCM). The FPCM is composed of two distinct regions as shown in Fig. 1 : a core and a concentric shell. Fibroblasts, initially seeded only in the shell, alter their orientation and migration in response to a gradient of a chemotactic factor directed radially outward from the core into the surrounding shell. This configuration mimics that of a wound in which fibroblasts migrate from adjacent unwounded tissue into the fibrin provisional matrix in response to chemotactic factors released within the wound. As in our FPM assay, fibroblast traction results in compaction of the FPCM, which is easily observed and quantified by a reduction in its diameter. However, the spatially inhomogeneous distribution of the fibroblasts results in an inhomogeneous compaction of the FPCM. Based upon our anisotropic biphasic theory for cell-matrix mechanical interactions, this inhomogeneous compaction should result in circumferential fibril alignment and a corresponding contact guidance field [6] , even in the absence of chemotaxis.
The spherical geometry of the FPCM affords important advantages over analogous linear and cylindrical geometry configurations and other assays aiming to simulate dermal wound healing and other morphogenetic processes. First, variables are dependent only on the radial dimension because of the spherical symmetry. Second, unlike an analogous assay of cylindrical or "disk" geometry in which the factor can diffuse into the medium and back into the gel at a distant point, the FPCM geometry creates a strict diffusion gradient of the chemotactic factor emanating from the core through the FPCM shell as illustrated in Fig. 2 . While the former can be considered only as a convenience advantage in terms of simplifying the characterization, the latter is a crucial advantage because it allows the concentration gradient of the chemotactic factor to be maintained, controlled, and, thereby, predicted. Although not necessarily unique to our assay, another advantage of our approach is minimized gradients of nutrients and metabolites in the gel because of the millimeter scale of the FPCMs we fabricate.
Here we describe the protocol for our FPCM wound assay, investigate the outcome in various configurations in addition to the base case of a fibroblast-seeded shell and an acellular core, and present results for a fibroblast-seeded shell with resident immune cells (peritoneal exudate cells or PEC) dispersed in the core to serve as the source of chemotactic factors. In the absence of PECs in the core, we report a significant circumferential alignment of the fibroblasts that is not seen in the FPM assay, which we attribute to a contact guidance response. We also report an apparent chemotactic response of the fibroblasts to factors generated by the PECs manifested as a change from circumferential alignment to radial alignment, particularly when FPCM compaction is abolished by embedding the FPCM in an agarose-fibrin gel to which it adheres during incubation. A decrease in FPCM compaction in the presence of PECs implies that the change toward radial alignment is also facilitated by a weaker contact guidance response around the circumference.
MATERIALS AND METHODS

Materials
Trypsin (25 mg/ml in 0.9% saline), ethylenediaminetetraacetic acid (EDTA), CaCl 2 , NaOH, bovine fibrinogen, bovine thrombin, silicone oil, lysine-4B agarose, gelatin-beaded agarose, and low-melting agarose were purchased from Sigma Chemical Co. (St. Louis, MO). Tissue culture medium, penicillin/streptomycin (pen-strep), Fungizone, Hepes buffer, phosphate-buffered saline (PBS), and L-
FIG. 2.
Diffusion profile of a stimulatory factor diffusing from the core of (A) a spherical fibrin gel and (B) a cylindrical fibrin gel. The spherical geometry creates a strict diffusion gradient in the radial direction. In the cylindrical "disk" geometry, the diffusible factor can diffuse from the core into the medium and then back into the gel at a distant point (e.g., the shell). As a result, the concentration gradient is not based purely on diffusion through the gel, so it cannot be readily maintained, controlled, or predicted in the cylindrical geometry.
FIG. 1.
Schematic of the fibroblast-populated concentric microsphere (FPCM) fibrin gel coculture assay. Initial state of the FPCM (left) and a subsequent state (right) following incubation. Filled ellipses represent fibroblasts and shading depicts the concentration of a diffusible stimulatory factor. A microsphere of fibrin gel is formed that initially has a core devoid of fibroblasts, but which contains a diffusible stimulatory factor in controlled-release form, and an outer concentric shell containing fibroblasts dispersed uniformly. Compaction of the FPCM is measured over time.
glutamine were from Gibco Laboratories (Grand Island, NY). Fetal bovine serum (FBS) was from HyClone Laboratories (Logan, UT). Recombinant human transforming growth factor ␤1 (rhTGF ␤1 ) was purchased from R&D Systems (Minneapolis, MN). Syringe filters (0.2 and 0.45 m) were purchased from Gelman Sciences (Ann Arbor, MI).
RDF Culture
Rat dermal fibroblasts (RDFs) were obtained using a primary explant technique [19] and kept in liquid nitrogen after slow freezing. Cell lines were initiated for culture by thawing an aliquot of cells and centrifuging at 1000 rpm for 10 min at 4°C. The pellet of cells was resuspended in Dulbecco's modified Eagle's medium (DMEM) supplemented with pen-strep (1% v/v) and L-glutamine (1% v/v). Cells were plated on 60 ϫ 15-mm petri dishes using 5 ml of DMEM with 10% FBS, 1% pen-strep, 1% Fungizone, and 1% L-glutamine and kept in a humidified CO 2 incubator at 37°C. Trypsin/EDTA was used to pass the cells once a week at a 1:4 dilution. Cells were harvested with 0.5% trypsin/EDTA; washed twice with Medium 199 with Hanks' salts (M199) supplemented with 10% FBS, 1% penstrep, and 1% L-glutamine; and diluted to a standard concentration of 2 ϫ 10 5 cells/ml. Cells were passed or harvested at 60 -90% confluence. All experiments were conducted before the ninth passage, at which point a new culture was initiated from frozen cells.
Isolation of PECs
PECs were acquired via peritoneal lavage [20] . A Fisher rat (Harlan, Indianapolis, IN) was sacrificed by CO 2 asphyxiation, the abdominal skin was removed, and the peritoneal cavity exposed. The peritoneal cavity was injected with 45 ml of harvest medium (M199 with 0.1% BSA, 1% pen-strep). The solution was withdrawn via syringe and placed in a 50-ml polypropylene conical tube, centrifuged, resuspended in harvest medium, counted, and diluted to 6 ϫ 10 6 cells/ml. PECs were maintained at 28°C for 2 h in a solution of harvest medium supplemented with 1.25 ng/ml rhTGF ␤1 so as to place the macrophages in a repair and recruitment mode as opposed to cytotoxic mode [21, 22] . Fluorescence-activated cell sorting and differential analysis of rat PECs in our lab has shown them typically to comprise 60 to 70% macrophages with the balance being predominantly lymphocytes and neutrophils [23] .
Thrombin Preparation
Bovine thrombin (250 units) was suspended in 1 ml sterile water and 9 ml of PBS, passed through a 0.2-m syringe filter, divided into 0.125-ml aliquots, and stored at Ϫ80°C. For assay use, 100 l of thrombin from frozen aliquots was added to 1 ml of unsupplemented M199 (US-M199; no additives other than Hepes and Hanks' salts) with 15 l of 2 M CaCl 2 and stored on ice. US-M199 was used since we have found that factors present in FBS can decrease the activity of the thrombin solution.
Fibrinogen Preparation
Type IV bovine fibrinogen (5.5 g) was dissolved in 150 ml of 20 mM Hepes-buffered saline at 37°C and then filtered through a 0.2-m filter (Nalge Nunc, Naperville, IL). Plasminogen and fibronectin were removed via affinity chromatography by passing the solution through lysine-4B and gelatin-beaded agarose columns. Removal of plasminogen and fibronectin was confirmed by SDS-PAGE. Final protein concentration was determined by absorbance at 280 nm. Fibrinogen was stored as 1-ml aliquots at Ϫ80°C. For assay use, a 1-ml aliquot was added to sufficient 20 mM Hepes-buffered saline to make a 5 mg/ml solution and then filtered through 0.45-and 0.2-m syringe filters.
FPM Assay
FPMs were manufactured using an adaptation of a previously reported technique [17] . A 1-cm layer of "heavy" silicone oil (sg 1.1) was placed in the bottom of a 10 ϫ 2 ϫ 5-cm glass well. An approximately 3-cm-thick layer of "light" silicone oil (sg 0.96) was then added to the well. The silicone oils separated into two distinct layers. The glass wells of silicone oil were then placed in a 37°C incubator.
In a well of a 96-well plate, 100 l of fibrinogen solution, 25 l of thrombin solution, and 25 l of RDF suspension were mixed together. Standard final concentrations in the gel-forming solution were RDFs at 3.33 ϫ 10 4 cells/ml, thrombin at 0.038 units/ml, and fibrinogen at 3.33 mg/ml. An 80-l aliquot of the RDF-thrombinfibrinogen solution was then immediately pipetted into the glass well containing the 37°C silicone oils. The pipette tip was placed just below the surface of the light oil, the contents slowly ejected, and the tip quickly withdrawn. Care was taken to avoid introducing air bubbles into the forming FPM. The FPM slowly settled to the interface between the two silicone oils and retained its spherical shape. FPMs were incubated in the 37°C silicone oil for 15 min to permit fibrin gelation. The resulting FPMs were approximately 5.2 mm in diameter.
FPMs were removed, washed thoroughly with US-M199, and then incubated in complete medium (M199, 10% FBS, 1% pen-strep, 1% L-glutamine, and 1% Fungizone). Remaining silicone oil could occasionally be seen as small (Ͻ100 m diameter) droplets on the FPM surface. The FPMs were then transferred to a new 24-well plate with complete medium for incubation at 37°C for the duration of the experiment.
FPCM Assay
The fabrication of the FPCMs is similar to that of the FPMs except that it is a two-part process as shown in Fig. 3 . First, a small fibrin sphere is created, which will form the core of the FPCM. Second, a fibrin gel shell is cast around the core. The distinct core and shell regions of the FPCM make it possible to have spatially varying cell concentrations of one or more cell types. The fabrication methods for five different configurations ("Base," "Control," "Inverse," "Embedded," and "Core stimulus" FPCMs) are detailed below.
Base FPCM assay. The Base FPCM consists of a fibroblastseeded shell and an acellular core as shown schematically in Fig. 4A . Twenty microliters of fibrinogen solution was mixed with 5 l of thrombin solution and 5 l of US-M199, and a 15-l aliquot of this thrombin-fibrinogen solution was then immediately pipetted into a well containing the layered silicone oils. The FPCM core settled to the interface, retaining its spherical shape, and was incubated in the 37°C oils for 10 min to allow for gelation.
One hundred microliters of the fibrinogen solution was mixed with 25 l of the thrombin solution and 25 l of the RDF suspension. A 65-l aliquot of this RDF-thrombin-fibrinogen solution was pipetted next to a core in the silicone oil to form the shell of the Base FPCM. A 0.05-mm-diameter glass rod, prewetted in US-M199, was used to draw the core into the gelling shell solution. A 22-gauge copper wire loop, connected to the negative terminal of a 1000-V power supply, was used to position the core in the center of the Base FPCM via electrostatic repulsion. The Base FPCMs were incubated in the 37°C silicone oil for 15 min, then removed, washed with US-M199, transferred to a 24-well plate with complete medium, and incubated in air at 37°C for the course of the experiment. The initial FPCM diameter was approximately 5.2 mm, with the initial core diameter being approximately 2.9 mm.
Control FPCM. The Control FPCM is identical to the Base FPCM except that both the core and the shell contain RDFs as indicated in Fig. 4B . This was accomplished by mixing 20 l of fibrinogen solution with 5 l of thrombin solution and 5 l of RDF suspension to form the solution that was used to create the core. The rest of the fabrication procedure was as detailed for the Base FPCM.
Inverse FPCM. The Inverse FPCM has a fibroblast distribution that is the inverse of that of the 'Base' FPCM; RDFs are seeded in the core but not in the shell as shown in Fig. 4C . The core was formed from a solution prepared by mixing 20 l of fibrinogen solution with 5 l of thrombin solution and 5 l of RDF suspension. The shell was formed from a solution created by mixing 100 l of fibrinogen solution with 25 l of thrombin solution and 25 l of US-M199. The fabrication technique was otherwise identical to that of the Base FPCM.
Embedded FPCM. FPCMs were prepared as detailed above. As an alternative to allowing them to float and compact freely during incubation, an embedding method was devised to prevent compaction as shown schematically in Fig. 4D . A solution of 1.0% lowmelting agarose and 0.5 mg/ml fibrinogen in complete medium was prepared. A 350-l aliquot of the embedding solution was pipetted into a Millicell plate insert (Millipore, Bedford, MA). A prepared FPCM was positioned in the Millicell, and 5 l of thrombin was added. The Embedded FPCM was incubated at 37°C for 20 min until fibrin gelation was complete, then placed in a cold room (4°C) for 1 h until agarose gelation was complete. The Millicell inserts were placed in the wells of a 24-well plate with 1.5 ml of complete medium and incubated at 37°C for the duration of the experiment.
Core stimulus FPCMs. As indicated in Fig. 4E , distributed sources of chemotactic factors, in these studies PECs, were seeded in the core of the FPCM, with RDFs seeded in the shell. The fabrication technique was identical to that of the Base FPCM except that 20 l of fibrinogen solution was mixed with 5 l of thrombin solution and 5 l of PEC suspension (at 6ϫ the desired final PEC concentration) to create the FPCM core solution.
FPM and FPCM Analysis
A 24-well plate containing FPMs or FPCMs was placed on the stage of an Olympus IX-70 inverted light microscope (Melville, NY). Images of the equatorial plane of each microsphere were captured with a Photometrics SenSys cooled CCD camera (Tucson, AZ) using a 4ϫ objective. A motorized microscope stage was used to capture a series of images to form a mosaic of the entire FPM or FPCM.
Diameter measurement. Diameter measurements were made immediately after FPM or FPCM preparation and at subsequent time points. To accomplish this, the mosaic image of the microsphere was modified in an image manipulation program. White dots were used to mark the surface; smaller dots were also placed around the core for FPCMs. The images were analyzed with image analysis software (Inovision, Raleigh, NC) and the positions of the dots were reported.
The diameter and center of the FPM or the FPCM shell and core were estimated by fitting the data via least-squares regression to the equation for a circle, yielding the diameters and centers of the best-fit circles. The degree of compaction, , was calculated as the percentage decrease of diameter with respect to its initial value.
Measurement of FPCM concentricity. Concentricity, , of the core of a FPCM with respect to the shell was determined from the initial time point image according to
where ranged from 0 (core touching the FPCM surface) to 1 (concentric). The values of ⌬x and ⌬y were calculated from the difference in location between the core and the shell centers as determined from the diameter measurements. The value of ⌬z was determined by recording the difference in z position between the plane of focus for the FPCM shell equatorial plane and that of the core. Measurement of RDF alignment. The RDF alignment with respect to a radial vector emanating from the center of the FPM or FPCM was described by the parameter ⌽, ranging from 0 for circumferential alignment to 1 for radial alignment. ⌽ was defined as cos 2 (␣) where ␣ was the angle made by the major axis of the cell and the radial vector passing though the cell centroid as shown in Fig. 5 . A ⌽ value for each elongated, in-focus cell in the microsphere image mosaic was determined as follows. The major axis of a cell was marked with a line in an image manipulation program and feature information was extracted using image analysis software. Using the cell length, cell centroid position, and FPM center or FPCM core center position, ␣ and ⌽ were calculated. ⌽ values for all marked cells were averaged to obtain the mean cell alignment for a microsphere, Ͻ⌽Ͼ. Values for n replicate microspheres in a group were averaged to calculate Ͻ⌽Ͼ n , the mean for the group.
Statistical testing. Comparisons between Ͻ⌽Ͼ n values were performed using either a one-tailed or a two-tailed t test as appropriate. Significance levels were set at P Ͻ 0.05. The effects of PEC loading concentration and incubation time on cell alignment were analyzed with a two-way analysis of variance (ANOVA) with significance levels set at P Ͻ 0.05.
Fibril alignment. Direct observation of the alignment of fibrin fibrils in the compacting FPCMs was accomplished using polarized light microscopy. Individual FPCMs were transferred to a chamber possessing a strain-free glass bottom and filled with complete me -FIG. 3 . Schematic of the FPCM manufacture technique. Initially, a fibrinogen-thrombin solution is pipetted into a well containing two silicone oils of differing densities. This core-forming solution settles to the interface between the two silicone oils and takes on a spherical shape because of the surface tension between the silicone oil and the fibrinogen-thrombin solution. A fibrinogen-thrombin-RDF solution is then pipetted next to the core to create the shell, and the core is placed within the shell with a thin glass rod. The core is positioned concentrically within the shell with a negatively charged copper loop via electrostatic repulsion (not shown).
dium. The chamber was placed on a rotating stage and then rotated while viewed under crossed polarizing filters.
RESULTS
FPM Assay
With a uniform distribution of RDFs throughout the fibrin gel, we observed uniform FPM compaction and random cell orientation ( Table 1 ). The behavior observed in the FPM provides a benchmark for assessing results observed in the various FPCM configurations.
FPCM Assay
One of the central assumptions of the FPCM assay is that the core and shell are concentric. Therefore, before considering the results of the FPCM assay, it was necessary to consider the consequences of eccentricity of the core and shell, measured by , as perfect concentricity cannot be realized. We manufactured Base FPCMs with values ranging from approximately 0.6 to 1.0 and then performed a comparison among all possible pairs of Ͻ⌽Ͼ values with Scheffe's post hoc test with a null hypothesis that there is no significant difference between the Ͻ⌽Ͼ values for FPCMs of varying . At the level of significance of P Ͻ 0.05, the null hypothesis could not be rejected in any case. This suggests that FPCMs with a value of 0.6 or greater yield results that are not significantly affected by the eccentricity. In this study, 90% of the FPCMs scored had a value exceeding 0.6.
Strong Circumferential Alignment of RDFs Occurs in Floating FPCMs without PECs in the Core, but Not in Embedded FPCMs
We first investigated Base FPCMs to establish a basis for comparison (unless stated as Embedded, all FPCMs discussed were free-floating). Figure 6A shows an equatorial plane of a Base FPCM immediately after fabrication and Fig. 6B shows it following 24 h of incubation, during which time the FPCM diameter decreased by 21.5%. Figure 7A is a cell alignment plot derived from Fig. 6B based on determination of alignment for in-focus cells and perimeters of the FPCM shell and core. The cell alignments are color-coded to facilitate visualization of the alignment distribution. The value of Ͻ⌽Ͼ was 0.21, consistent with an obvious circumferential alignment of the cells. Values for replicate samples are summarized in Table 1 , showing a difference (Ͻ⌽Ͼ nϭ12 ϭ 0.25) from theoretical random cell orientation (Ͻ⌽Ͼ ϭ 0.5) to be highly significant. Using the biphasic theory for cell-matrix mechanical interactions, we have previously attributed this result to a contact guidance response of the RDFs due to circumferential alignment of the fibrin fibrils induced by compaction of the shell relative to the core because RDFs are initially absent from the core [6] . It is readily seen in Figs. 6B and 7A that the RDFs did not populate the core of the Base FPCM during the incubation period. This led us to investigate other configurations of the assay (Fig. 4) .
Control FPCMs were constructed to ascertain whether the observed circumferential RDF alignment in the Base FPCM was an artifact of the FPCM fabrication technique or a result of the nonuniform cell distribution. Our theory for cell-matrix mechanical interactions predicts random orientation if cells are distributed uniformly throughout the FPCM and the fibrin fibrils are initially randomly oriented, as is the case in the FPM, because the FPCM compacts uniformly. The Control FPCM has a uniform cell distribution like that of the FPM. Therefore, any difference in cell alignment between the FPM and Control FPCM would indicate the presence of an artifact which is introduced during the two-step FPCM fabrication technique. As indicated in Fig. 7B , random orientation was observed in the Control FPCM. This is confirmed in Table 1 , which shows that Ͻ⌽Ͼ n was not significantly different from random orientation (P ϭ 0.08); it was also not significantly different from Ͻ⌽Ͼ n for FPMs (P ϭ 0.48). Hence, we concluded that the two-step FPCM fabrication technique is not the cause of the circumferential cell alignment observed in the Base FPCM. The strong circumferential alignment would help explain the lack of core invasion by the RDFs: cells would tend to migrate around the circumference of the FPCM shell due to contact guidance. Time-lapse microscopy revealed that cell migration was very limited, so that strong circumferential contact guidance could effectively inhibit core invasion.
To ensure that the two-step fabrication method did not create an "interface" that would prevent invasion in the absence of strong circumferential contact guidance and/or with greater cell migration, we fabricated Inverse FPCMs, in which RDFs were initially dispersed in the core but not in the shell. A typical outcome is shown in Fig. 7C . As core compaction occurred, cells migrated outward from the core into the shell, with strong radial alignment (Table 1 ; Ͻ⌽Ͼ nϭ10 ϭ 0.95). While other explanations are possible (e.g., an "avoidance response" due to the increased cell concentration in the core, presumably via chemotaxis), the theory for cell-matrix mechanical interactions also predicts this as another manifestation of contact guidance [6] . Here, the fibrils in the shell become radially aligned due to the compaction of the core relative to the shell. Polarized light microscopy confirms this explanation. Figure 8A shows a radial birefringence pattern for an Inverse FPCM, indicating radial alignment of fibrin fibrils. In contrast, Fig. 8B shows four bright regions in the shell of a Base FPCM. Though the presence of cells interferes with the birefringence pattern, the four bright regions are consistent with circumferential fibril alignment as is the observation that they rotated as the crossed polarizers were rotated with respect to the FPCM. Furthermore, no such bright regions were observed in either FPMs or Control FPCMs (not shown).
The Inverse FPCMs clearly showed that cells are capable of migration across the core-shell interface. Moreover, there was no evidence of core detachment from the shell in any of these FPCMs, indicating that the interface is structurally continuous. Thus, the Inverse FPCMs demonstrate that any possible artifacts introduced via the fabrication procedure, such as a local circumferential guidance field along the interface, do not preclude invasion in all circumstances.
Finally, we investigated Base FPCMs embedded in an agarose-fibrin gel, termed Embedded FPCMs (Fig.  4D) , which abolished compaction due to strong adhesion of the FPCM to the gel. Without compaction, the initial random orientation of RDFs was sustained (Table 1), in agreement with the cell-matrix mechanical interaction theory prediction that compaction of the shell relative to the core drives circumferential alignment.
Taken collectively, these results support the conclusion that the circumferential alignment observed for Base FPCMs (Figs. 6B and 7A) resulted from a contact guidance response of the RDFs due to circumferential alignment of the fibrin fibrils induced by compaction of the shell relative to the core and that any effect of the interface between the core and the shell associated with the fabrication procedure did not grossly affect the cell behavior.
Less Circumferential RDF Alignment Occurs in Floating Core Stimulus FPCMs, and Radial Alignment Occurs in Embedded Core Stimulus FPCMs
Having established the validity and performance of the FPCM assay by characterizing the case of a FPCM without PECs in the core, we investigated the more complex case of a FPCM with PECs in the core. The supposition was that the PECs would release one or more chemotactic factors in the core, which would diffuse radially outward through the shell and thereby affect the RDF alignment. It was presumed that the fibroblasts with radial alignment were actually oriented toward the core due to positive chemotaxis. Assuming the RDFs were not completely inhibited from compacting the shell of floating FPCMs by diffusible PEC factors, a radial chemotactic cue would then be competing with the circumferential contact guidance cue. Figure 7D suggests that the alignment of RDFs in a FPCM with PECs in the core was clearly different from the corresponding case without PECs in the core (compare to Fig. 7A ). As a control, we loaded FPCM cores with 10-m latex beads at a volume fraction similar to that of the PECs in Core stimulus FPCMs (ca. 1% v/v); values of Ͻ⌽Ͼ n were similar to those of Base FPCMs (not shown), suggesting that chemotactic gradients emanating from the PECs are the cause of the altered fibroblast alignment. Note that the presence of PECs caused the FPCMs to compact more slowly. However, even when the degree of FPCM compaction, as measured by shell , and, hence, the strength of fibrin fibril alignment were similar to those obtained for FPCMs without PECs in their cores, strong circumferential cell alignment did not occur (compare Ͻ⌽Ͼ n values for cases in Table 2 , where shell is similar to the Base case of Table 1 ). A two-way ANOVA demonstrated that RDF alignment depended on both the concentration of PECs in the core (P ϭ 0.03) and the incubation time (P ϭ 0.04), as seen in Fig. 9 . The interaction of PEC concentration and incubation time was not significant (P ϭ 0.33). The value of Ͻ⌽Ͼ n increased with higher PEC concentrations and decreased with longer incubation time. These results are consistent with a steeper gradient of a chemotactic factor(s) being generated by an increased number of PECs in the core and a strengthening circumferential contact guidance field as compaction proceeds with time. In further support of this explanation, a similar dose-response experiment was conducted, comparing floating and embedded Core stimulus FPCMs. As expected, abolishing compaction and associated circumferential contact guidance in the embedded FPCMs resulted in a dominant chemotactic response manifested by radial alignment (Fig. 9 ). The alignment of the fibroblasts was dependent on the PEC concentration (P Ͻ 0.001), but not the incubation time (P ϭ 0.92).
DISCUSSION
We have described a novel in vitro assay conceived to facilitate systematic study of the interplay among fibroblast behavior, chemotactic factors, and tissue mechanics leading to contact guidance. Our assay is distinguished by the ability to generate predictable diffusion gradients of chemotactic factors in the fibrin gel and the dependence of variables on only a single (radial) coordinate, which is not the case for the more obvious cylindrical geometry. While the use of PECs in the studies reported here inherently precludes predictable diffusion gradients, we have also employed controlled release polymer beads encapsulating the peptide GRGDSP [24] , which we have shown to be chemotactic [25] . The advantage of a predictable diffu- Note. ⌽ denotes standard error of the mean.
perpendicular black bands (extinction regions) across the FPM in the horizontal and vertical directions, separating four birefringent regions with "diagonal" alignment in the shell associated with radially aligned fibrils. In the Base case (B), the presence of cells in the shell interferes with the birefringence, but four birefringent regions consistent with circumferential fibril alignment are still discernible in the shell; birefringent regions again occurred due to "diagonal" alignment, because circumferentially aligned fibrils in those regions were not coaligned with either the analyzer or the polarizer. Birefringent regions were not observed in either FPMs or Control FPCMs (not shown). sion gradient depends on the ability to fabricate an FPCM with sufficient approximation of spherical symmetry. While we have determined limits of core-shell eccentricity that appear consistent with this approximation in practice, it is also important to note that other factors such as significant spatial variations in initial fibroblast concentration may invalidate the assumption of spherical symmetry even if the FPCMs are concentric. The main cause, cell settling during FPCM fabrication, can be readily minimized when using fibrin gel because of the relatively rapid fibrillogenesis that can be attained by adjusting the thrombin concentration which entraps the cells before settling can occur. We have explained how the interplay of circumferential contact guidance generated by FPCM compaction and radial chemotaxis due to factors released in the core by the PECs results in the observed RDF alignment. Our theoretical explanation that RDFs in the shell caused compaction of the shell relative to the core and consequent alignment of the fibrin fibrils around the circumference, which dominated RDF alignment in the absence of a diffusible stimulus emanating from the core, was supported by the birefringence pattern in the Base FPCMs (Fig. 8B) . A similar theoretical explanation for the radial contact guidance field in the Inverse FPCMs, which we investigated for assay validation purposes, was also supported by the birefringence pattern (Fig. 8A) . The loss of circumferential cell alignment when loading the core with PECs, despite compaction and occurrence of a circumferential contact guidance field, is explainable by competition from a radially directed diffusion gradient of a chemotactic factor(s) released by the PECs. The inhibition of compaction observed at higher PEC loadings gives an additional advantage of the radial chemotactic gradient(s) over the circumferential contact guidance field which results from compaction of the shell relative to the core. The use of the Embedded FPCM, which abolished compaction and the circumferential contact guidance field, yielded the expected increase in radial alignment due to a pure chemotactic gradient(s). It has been reported that a factor secreted by macrophages inhibits collagen gel compaction by fibroblasts [26] and there are many reports of various chemotactic factors secreted by macrophages (reviewed in [27] ), consistent with our observations. The time scale for RDF population of the core via invasion and division was much longer than that for extensive compaction with our current experimental conditions. These time scales would have to be further equalized to simulate fibroplasia that precedes wound contraction if these types of studies are to simulate dermal wound healing. There are numerous ways of potentially accomplishing this, such as use of a potent migration stimulating factor or altering the fibrin network so as to promote migration and/or slow the rate of compaction, e.g., by crosslinking the fibrin with Factor XIII [28, 29] .
Differences in fibroblast metabolism, phenotype, traction, and migration between floating (stress-free) and adherent (stressed) gels have been documented [30 -32] . While it appears counterintuitive, the FPCM is not stress-free, even when floating (it clearly is not when embedded), because the acellular core effectively provides a mechanical constraint to compaction occurring in the shell, albeit a compliant one. This is more obvious if one considers the extreme case in which the core is formed from a rigid material rather than fibrin gel. In contrast, the FPM is essentially stress-free when floating; the finite permeability of the fibrin network causes it to develop stress as the interstitial medium flows out during compaction, but this stress is insignificant with FPMs of millimeter diameter [33] .
We have elected to use a fibrin gel for our physiologically relevant experimental ECM because its rapid gelation helps ensure a uniform cell distribution and FIG. 9. Dose-response plot of RDF alignment to PEC concentration comparing free-floating and Embedded FPCMs after 24-and 48-h incubations. For floating FPCMs, Ͻ⌽Ͼ increases with increasing PEC concentration in the core, which is consistent with chemotactic factors being released by the PECs (two-way ANOVA, P ϭ 0.03). RDF alignment becomes more circumferential with time as the FPCM compacts and the circumferential contact guidance field strengthens (P ϭ 0.04). This also may reflect the chemotactic factor gradient generated by PECs, becoming shallower and/or associated with suboptimal concentrations. At the highest PEC loading, the circumferential contact guidance field and the radial chemotactic stimulus apparently negate each other to yield random orientation (Ͻ⌽Ͼ ϳ 0.5). For Embedded FPCMs, Ͻ⌽Ͼ increases above the isotropic value of 0.5 with increasing PEC concentration in the core as the RDFs bias their orientation radially in response to the putative radial chemotactic stimulus (two-way ANOVA, P Ͻ 0.001). The alignment does not become more circumferential over time because there is no compaction-induced circumferential contact guidance field (P ϭ 0.92). its facile adhesivity helps ensure structural continuity between the core and the shell. Further, we have already characterized the mechanical properties of fibrin gel (unpublished data), thereby facilitating modeling with our theory for cell-matrix mechanical interactions. However, it is well known that wound contraction takes place within granulation tissue, a mixture of collagen, fibrin, fibronectin, and other matrix proteins [27] . Since the biochemistry of the ECM is known to modulate cellular behavior [27, 34, 35] , the use of a purely fibrin gel undermines the physiological relevance of our results.
There are other variations of the FPCM assay that we plan to investigate. For example, the shell could be collagen gel instead of fibrin gel to more realistically represent the dermis, although sufficient adhesion of the two gels must be considered. The assay could be conducted for incubation times much longer than the limit imposed by loss of optical transparency (due to gel compaction) needed for light microscopy. Since the FPCM is essentially a coculture system, interactions between any two cell types can be readily studied in a physiologically relevant gel environment with or without a controlled release diffusion gradient emanating from the core. This work has been supported by NIH P01-GM50150-03S1 (R.T.T.). Drs. Terrence Ryan, George Cherry, and David Knighton are gratefully acknowledged for the use of laboratory facilities as are Vance Fiegel, Amy Tranquillo, Matt McCoy, Jim Pray, Tim Johnson, and Cheryl Wotus for technical advice and assistance during the early phases of this project. The technical advice and assistance of Jeff Shearer, Ray Sicard, and Cindy Coulter are also gratefully acknowledged as is the assistance Allison Bain with statistical testing.
